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ABSTRACT

Several researchers have suggested that upward and lateral hydrothermal fluid
flows were responsible for the dolomitization of various Devonian and Mississippian
reservoirs in the Western Canada Sedimentary Basin, based on sedimentological,
geochemical and diagenetic evidence. In this study, numerical simulation was applied to
investigate hydrothermal fluid flow in the Wabamun Group, Parkland field, NE. B.C.,
Canada. Numerical results indicate that faults play a critical role in controlling
hydrothermal fluid flow. Faults provide fluid pathways connecting the basement of the
basin with the overlying sedimentary layers. Upwelling fluid flow via faults brings
reactants and heat from underlying strata to shallow formations for diagenetic reactions
(e.g. dolomitization and/or chertification) or forming ore deposits. Fault properties, such
as permeability, dip angle and depth of penetration, control the hydrothermal fluid flow
patterns and magnitudes. The salinity distribution of formation water, permeability
configuration of host rock, regional heat regime and regional fluid flow are also
important factors affecting hot and brine fluid flow and accompanying heat and mass
distribution. High salinity fluids in problem domain restrict the upwelling of hot fluid
flow driven by buoyancy force. If the salinity of fluids in the modeled domain is high
enough, and the resulting brine gravity is strong enough, the cold seawater will enter the
system via faults mixing with the ascending hot brines along the faults from the deep
basin.
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FORMAT OF THESIS
This thesis uses the format of manuscript type. Chapter 1 provides the background
of the study, methodology and principles. Chapter 2 & 3 comprise two drafts of papers.
One has been submitted to the Journal of Geochemical Exploration, and the other one
will be submitted to CSPG Bulletin. Both papers will be coauthored with Ihsan Al-Aasm
and Jianwen Yang. The last chapter is the integration of results in both papers and the
final discussion and conclusions.
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CHAPTER 1
INTRODUCTION

1.1 Background
The enhanced porosity in the Western Canada Sedimentary Basin (WCSB)
dolomites relative to the limestones (e.g. Amthor et al., 1994) makes them prime
hydrocarbon exploration targets. It is estimated that more than half of the prolific
hydrocarbon reserves in the WCSB are hosted in Devonian dolomites (Creaney et al.,
1994). Thus, studies o f Devonian dolomitization in the WCSB have played an important
role in the exploration and development of petroleum reserves.
Carbonates o f the Upper Devonian Wabamun Group in the Peace River arch
region provide an example of fault-related dolomitization and reservoir creation (Stoakes,
1987). Most reservoirs in the Peace River arch area occur in fault-controlled,
hydrothermal, white dolomites (e.g. Stoakes, 1987; Sailer et al., 1994; Packard et al.,
1990). Recently, a Devonian hydrothermal chert reservoir was found in the Parkland field,
British Columbia, Canada (Packard et al., 2001).
Hydrothermal diagenesis, particularly hydrothermal dolomitization and
chertification, plays a major role in the evolution of reservoir porosity and permeability
(e.g. Sailer et al., 1994; Packard et al., 2001). Therefore, the study of hydrothermal fluid
flow is necessary for petroleum exploration and production, and also contributes to the
understanding of other geologic processes, such as the formation of ore deposits (e.g.
Qing, 1998) and hydrocarbon generation, migration and accumulation (Garven, 1989;
Adams et al., 2004).
Computational modeling plays an important role in quantifying geological
relationships of fluid migration, heat and solute transfer as related to diagenetic processes
and/or ore deposits. In many cases, numerical modeling may be the only available tool
because the geologic processes occur too slowly and too widely in space to be directly
observed in the field or laboratory (Yang et al., 2004 a, b; Yang et al., 2005). Computer
models simulating heat/fluid flow and mass transport in complex geological systems can
provide considerable insights into how these systems operate when subjected to various
geological, geochemical, geothermal and hydrodynamic conditions.

1
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1.2 Objectives of Study
This study focuses on the numerical modeling of hydrothermal fluid flow, mass
and heat transport. The Wabamun Group in the Parkland field, northeast B.C., Canada
was chosen for this study because of its geological significance. It provides a unique
example where hydrothermal fluid flow might have affected dolomite formation and
other diagenetic processes (detailed geological features are described in the following
section).
This study aims at testing these diagenetic models, especially hydrothermal
dolomitization, by computational modeling integrated with constraints from a
comprehensive geological, geochemical and geophysical understanding of the study area.
The hydrothermal origin of the karsted, silicified and dolomitized Parkland reservoirs
hosted in the upper Devonian (Famennian) Wabamun Group carbonates was investigated.
The numerical modeling was employed to address the following issues:
1. To quantify the role of hydrothermal fluid flow in the dolomitization of the
Devonian Wabamun Group in Parkland field.
2. To better constrain the timing of the hydrothermal flow in the Devonian
Wabamun Group in Parkland field.
3. To address the effects of faults on the fluid evolution.
4. To examine the control of stratum properties on the fluid migration and
thermal regime.
5. To study the relationship between deep basinal fluid flow and large-scale heat
flow distribution.

1.3 Geological Setting
1.3.1 Tectonic Setting
The WCSB is a northwest-southeast trending wedge of sedimentary rocks more
than 6 km thick extending from the Canadian Shield to the Cordilleran foreland thrust belt.
The tectonic evolution o f the basin is “a continuum including an early rifit to passive
margin phase (which includes the Middle-Upper Devonian carbonates) to foreland basin
in Middle Jurassic and again from Late Cretaceous to Paleocene” (Moore, 2001).

2
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The WCSB comprises the eastern Canadian Cordillera and two major sedimentary
basins: a northwest-trending trough in front of the Cordilleran Fold and Thrust Belt
(extending eastward to the Canadian Shield) called the Alberta Basin; and the cratonic
Williston Basin, centered in North Dakota and extending into southern Saskatchewan and
southwest Manitoba (Wright et al., 1994). The Alberta Basin is defined as the area of the
WCSB north and northwest of the Bow Island arch, extending up to the subtle Tathlina
High. Since the Cambrian time, there have been two major high areas in the Alberta
Basin: the Peace River arch and the West Alberta Ridge (Wright et al., 1994).
The Peace River arch area is located in the northwestern part of Alberta Basin.
The Peace River arch (PRA) is a large cratonic uplift in northwestern Alberta and
northeastern British Columbia. It is one of only a few large-scale tectonic elements in the
Western Canada Sedimentary Basin that has significantly disturbed the Phanerozoic cover
of the craton. Pronounced thinning over the PRA for the Wabamun Group sediments
indicates control of the PRA on sedimentation. The structure has influenced the location
of oil and gas accumulations in strata units ranging from the Middle Devonian to the
Upper Cretaceous, and has long been a focus of hydrocarbon exploration in the region
(O'Connell, 1994).
The Prophet trough, which contains the thickest Carboniferous sections in
Western Canada, developed during the latest Devonian to early Carboniferous and
persisted into the late Cretaceous. The trough was connected to the Antler Foreland Basin
of the western United States, and extended from southeastern British Columbia to the late
Devonian and earliest Carboniferous Yukon Fold Belt (Richards et al., 1994). East of the
deformed belt (Cordilleran orogen), both the Wabamun and later Mississippian carbonate
ramps passed westward into the north-south oriented shale-dominated Prophet trough.
The Peace River embayment of northwestern Alberta and northeastern British
Columbia opened into the Prophet trough and was a broad, fault-controlled reentrant into
the western cratonic platform. The principal depositional and structural axis of the
embayment had an easterly trend and coincided approximately with that of the Late
Devonian Peace River arch. Regional subsidence accompanied by extensive block
faulting along northeasterly and northwesterly striking normal faults facilitated deposition
of a thick Carboniferous succession in the embayment, which included an extensive
central graben system (Barclay et al., 1990).
3
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The Parkland field is situated in the Peace River block of northeast British
Columbia, Canada (Figure 1.1). The Parkland play type consists principally of fractureassociated hydrothermally karsted, silicified and dolomitized reservoirs hosted in the
Upper Devonian (Famennian) Wabamun Group medial ramp carbonates resting on the
axis of the PRA (Packard et al., 2001).
The Parkland and adjacent Doe fields represent the only Devonian gas production
in the Peace River Block. These fields are located to the south and west of two major,
obliquely intersecting, normal fault zones that define the southern limit of a regional
Mississippian-age structural feature known as the Fort St. John graben. In the Parkland
area, transgressive events associated with the base of the Wabamun Group resulted in the
progressive easterly onlap of open-marine ramp carbonates onto the Peace River arch, a
broad high mantled at that time by a veneer of immature siliciclastic sediments overlying
crystalline basement (Packard et al., 2001).

1.3.2 Depositional setting and stratigraphic framework
In the Parkland area, Granite Wash and/or Cambrian to Upper Proterozoic elastics
directly overlie the Precambrian crystalline basement. In the immediate vicinity of the
Peace River arch, the bulk of the clastic sediments form part of the undifferentiated and
highly diachronous (Givetian to Frasnian) Granite Wash. Where the Phanerozoic section
is somewhat thicker, Middle to Upper Cambrian sandstones and shales lie between the
Granite Wash and crystalline Precambrian rocks (Packard et al., 2001). The uppermost
part of these siliciclastic units can be traced to the west, where it is correlated with the
Trout River Formation (Figure 1.2). The regional unconformity at the base of the Trout
River Formation marks the start of the Famennian-Toumaisian second-order depositional
sequence (Weissenberger, 2001).
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Figure 1.1. (a) Location map of Parkland, British Columbia, relative to the
Prophet trough, Peace River embayment, and Peace River arch, (b) Structural
map of Parkland area (After Packard et al., 2001). The line A-A' represents the
modeled section in this study.
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Figure 1.3. Idealized shallowing and cleaning-upward cycle in the Wabamun of the
Parkland area (after Packard et al., 2001).
The Devonian strata o f the Western Canada Sedimentary Basin comprise a wide
range of shallow-water carbonate types ranging from pinnacle reefs to epeiric-scale
platforms (Switzer et al., 1994). The Famennian subsurface strata of Saskatchewan,
Alberta and British Columbia consist of a series of stacked cyclical ramp and shelf
carbonates and associated evaporites of the Wabamun Group (Halbertsma, 1994). The
depositional facies of the Wabamun in northeastern British Columbia can best be
described in terms o f an idealized cleaning and shallowing-upward cycle (Packard et al.,
2001) (Figure 1.3). In the Parkland area, the transgressive event associated with the base
of the Wabamun Group resulted in the progressive easterly onlap of open-marine ramp
carbonates onto the Peace River arch. In the Parkland area, the Wabamun Group strata are
the oldest carbonates above the Precambrian basement. The older Winterbum strata pinch
out slightly to the north and west (Packard et al., 2001).
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Relatively thin intervals of Upper Devonian strata occur in the Exshaw and Banff
formations, which span the Devonian/Carboniferous boundary (Richards et al., 1994).
The Exshaw Formation comprises of fine-grained siliciclastics deposited in euxinic-basin
to shallow-neritic environments during the late Famennian and earliest Toumaisian time
(Hays, 1985). Black shales of the Lower Exshaw and its coeval correlatives in the lower
member of the Bakken and basal part of the northern Banff Formation record the
culmination o f a regional transgression that commenced with the deposition of the
Famennian Big Valley Formation and correlative strata in the upper Costigan Member of
the Palliser Formation (Richards et al., 1991). In the Banff Formation of northwestern
Alberta and northeastern British Columbia, shelf carbonates (members B and G) and
shallow-water to slope terrigenous elastics (member D) grade northwestward into shaledominated lower-slope and basin facies of member A and the Besa River Formation. This
resulted in the development of the northwestward offlapping transgressive/regressive
sequences of the Banff Formation (Richards et al., 1994).
The highly radioactive black shale of the Exshaw Formation marks the base of the
Carboniferous succession in the axial region of the northeastern Peace River embayment.
Overlying the Exshaw Formation, the Banff Formation is dominated by its member B,
which overlies the basinal shale of member A and is overlain by shallow-marine siltstone
and sandstone of member D. Member B is a coarsening- and shallowing-upward
succession of distal-ramp marlstone and argillaceous limestone grading upward into
relatively clean skeletal wackestone and packstone of a proximal ramp origin.
The stratigraphic nomenclature of the Wabamun Group has been studied and
described by many previous researchers. Major unconformities separate the subsurface
Wabamun into the Stettler and Big Valley formations and the time-equivalent
outcropping Palliser Formation into the Morro and Costigan members (Wonfor and
Andrichuk, 1956; Richards et al., 1991). Halbertsma and Meijer Drees (1987) subdivided
Stettler-equivalent carbonates in the Peace River arch area of north central Alberta into
four mappable units. In ascending order they are: the Dixonville, Whitelaw, Normandville
and Cardinal Lake members (Halbertsma and Meijer Drees, 1987). The Big Valley
Formation is eroded over and north of the Peace River arch (Figure 1.4).
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Big Valley Fm
Upper Cardinal Lake Member
Wabamun
Group

Lower Cardinal Lake Member
Stettler Fm

Normandville Member
Whitelaw Member
Dixonville Member

Figure 1.4. Stratigraphic subdivisions of the Wabamun Group in the Peace River arch
area of North-Central Alberta (Halbertsma and Drees, 1987)
1.3.3 Tectonic evolution
A major erosional unconformity separates the Big Valley and Stettler strata
(Figure 1.4) and very likely represents the onset of a period of structural instability. This
tectonism, which continued well into the Carboniferous (Antler Orogeny), is evidenced
by post-Stettler uplift and erosion of the Big Valley section in the northern Rocky
Mountains, the Liard Basin and the Peace River arch. Volcanic ash interbedded with
Exshaw shales in southeastern and northeastern British Columbia indicates volcanism
(Halbertsma, 1959). The Prophet trough is currently regarded as a foredeep that
developed in response to Antlerian compression (Smith et al., 1993).
Some of the normal faulting in the Peace River region took place throughout the
mid- to late Paleozoic. There appear to have been three main episodes, as suggested by
the thickness changes occurring across these normal faults. The first phase commenced
during the middle to late Famennian and continued into the early Toumaisian, when the
lower Banff Formation was deposited. A second period, which climaxed during the late
Serpukhovian to earliest Bashkirian, started during the deposition of the uppermost
Debolt. A third occurred during the latest Carboniferous, after the deposition of the
Ksituan member, and continued through the Early Permian (Richards et al., 1994).
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In the late Famennian, active and terminal collapse of the Peace River arch and
structural delineation of the embayment may have commenced. Syndepositional
extension and shear deformation was occurring in the early to early middle Toumaisian
(lower Banff) (Eaton et al., 1999). Packard et al. (2001) suggested that the early period of
faulting coincided in time with hydrothermal fluid flow and associated diagenetic
processes at the Parkland area.

1.4 Subsurface fluid flow in WCSB
Hutcheon et al. (2000) summarized the distribution of fluid composition at
different burial depths in the WCSB. Typically, deeply buried carbonate-dominated
Paleozoic sections contain waters that are saline in composition, ranging from
approximately 70 g/L TDS in the Mississippian, to as much as 200 g/L in Devonian rocks.
Compositions are dominated by Na-Ca-Cl waters. The non-hydrocarbon gases in these
rocks are mainly H 2 S, often up to 30, and as high as 90 mole percent, and CO2 with
smaller amounts of N 2 and He. Both H 2 S and CO2 concentrations increase as a function of
temperature.
The relatively shallow clastic Mesozoic part of the section has much lower salinity
waters, with 70 g/L TDS being a maximum. Most formation water is in the range of 10 to
30 g/L TDS. Compositions are dominated by Na-HC 0 3 -Cl waters. The non-hydrocarbon
gases are mainly CO 2 , up to 20 mole percent, with smaller amount of H2 S and, compared
to gases in Paleozoic rocks, proportionately higher amounts of N 2 and He (Hutcheon et al.,
2000).
In terms of the driving forces for regional-scale subsurface fluid flow, there are
four types of possible fluid flow in the WCSB: (1) Buoyancy force driven flow (e.g.
Kohout, 1965; Kaufman et al., 1991; Wilson et al, 2001); (2) Compaction flow (Mountjoy
et al., 1991); (3) Topographically driven flow (e.g. Garven and Freeze, 1984); and (4)
Tectonically induced flow (Hutcheon et al., 2000; Machel, et al., 2000).
Buoyancy force driven flow was first proposed by Kohout (1965). The convective
circulation of warm/hot fluid has also been suggested by others (e.g. Wilson et al, 2001;
Kaufman et al., 1991). The fluid convection is usually caused by a subsurface heat source.
The presence of hydrothermal dolomitization has been used as an indicator of the
interaction of high-temperature hydrothermal fluids with host carbonates (e.g. Al-Aasm et
10
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al., 2002). The mineralization typically occurs along fault/fracture systems, and
hydrothermal flow may be episodic, driven by “seismic pumping” (fault reactivation).
This study will focus on this type of hydrothermal fluid flow to test the hydrothermal
origin of the Wabamun saddle dolomites.
Compaction occurs as a result of the dewatering of argillaceous sediments and
their consequent reduction in volume. The accompanying compaction fluid flow occurs
from the sediment loading with subsidence and burial.
Numerous authors have suggested that topographic highs created during orogenic
tectonic activity are a positive driving mechanism for fluid flow (e.g. Garven and Freeze,
1984; Hitchon, 1984; Garven, 1989). The fluid flow is driven by the force of the
hydraulic head caused by topographic relief. In the WCSB, the uplifted western basin
started during the Laramide orogeny is likely the trigger for this fluid flow. Hutcheon et
al. (2000) have concluded that such flow does occur based on the analysis of fluid
composition distribution.
Thrust induced flow remains an interesting speculation, but there is little evidence
to support the occurrence (Hutcheon et al., 2000). It can be attributed to local high
pressure resulting from tectonic deformation and compaction.

1.5 Mathematical equations
1.5.1 Governing Equations
Mathematically, fluid flow, mass transport and heat transfer can be described by
(Diersch, 2002):
dh + dqf_=
dt
dxt
s-R

p

+ Q eb(C ,T) ,
EB

t dC
8C_ d_
dC
D
+ <7> - ^ - + Qp C = QC,
dt dXj
'J dXj

and [fp/ c/ + { \ - s ) p sc s \— - d
dt

dXj

A

—

ij dx,

dT
+ p J c J q { - + P j cj Qp { T - T 0) = Qt .

( 1. 1)

( 1.2)

(1.3)

The definitions of parameters in the governing and state equations are listed in the
nomenclature at the end of the thesis.
The Darcy equation for density-dependent flow is:

11

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.

3h

ft P £

dx,

ni

where — is the head gradient in the direction of flow, K,. = y

, the hydraulic

conductivity, where k{j is permeability. The unit of permeability in normal
hydrogeological usage is cm2, and that of hydraulic conductivity is cm/s. An alternative
unit for permeability used in petroleum science is the Darcy, which is defined as
flux(cm/s)xviscosity(centipoises)/pressure gradient (atm/cm) (Frind, 2003).
The range of validity of the Darcy equation can be defined in terms of the
Reynolds number Re =

, where d is the characteristic length of the medium, taken to

be the mean grain diameter in the context of porous media flow. Experimentally, it has
been found that the Darcy equation holds for Re < 10, which is in the laminar flow range.
The transition from laminar to turbulent flow occurs at Re *2100.
These governing equations reveal dependencies upon state variables. In this
context the fluid density ( p f ) and dynamic viscosity ( p f ) are of further interest:
p f = p f ( h, C, T),

(1.4)

p f = p f ( C, T),

(1.5)

In this study, we take the equation provided in the FEFLOW Reference Manual:

* p fa [1 + r(h - K ) +

(C - C 0) - P ( T - T0) ] ,

a
v-'s

(1.6)

o)

where y is the fluid compressibility, a is the fluid density difference ratio normalized by
the maximum concentration, and p is the volumetric thermal fluid expansion coefficient
to be introduced as intensive (volume-independent) material coefficients. Reference fluid
density is obtained from p ( = p {oCoTo, where ho is the reference hydraulic head (3500 m
in this study), Co is the reference concentration (3.6 equiv. wt % in this study), and To is
the reference temperature (20 °C in this study). The density difference ratio a may be
estimated by appropriate relations:
12
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a = [ p f ( C s) - p { ] / p { .

(1.7)

A first guess of the fluid density at maximum concentration Cs can be given by the
relation (Baxter and Wallace, 1916):
Pf

(Cs)

x Po +

0-7 •Cs

(1.8)

which leads to an estimation of density difference ratio in form of:

_

a*

0.7'Cj
Y±.

n

(1.9)

Po

While a linear relationship for the fluid density difference ratio is normally
sufficient for most practical needs, the consideration of the volumetric thermal fluid
expansion coefficient as a constant parameter becomes inappropriate for cases where a
larger temperature range has to be modeled and/or where the fluid (water) density
anomaly at 4 °C can play a role. This can be seen in Figure 1.5 for the physically true
water density dependency as a function of temperature T in the range between 0 and
100 °C.
Usually the volumetric thermal fluid expansion relation cannot be considered as a
constant coefficient and a more general approach is desired. Perrochet (1996) proposed a
formula for computing a nonlinear temperature-dependent expansion coefficient which is
based on the physically ‘exact’ fluid density curve (Figure 1.5) measured for temperatures
in the range between 0 and 100 °C and represents a correction parameter for the state
equation by introducing higher-order terms. This approach has been implemented in
FEFLOW as the option termed as thermally variable fluid density expansion. Perrochet fit
the temperature-dependent fluid density ranging between 0 and 100 °C by a 6th order
polynomial with a high accuracy as:
p f (T)

= a + bT + cT2 + d T 3 + e T 4 + f T 5 + g T 6 in [g/1]

(1-10)

with the coefficients for water:

r a = 9.998396-102
b = 6.764771 10-2

c = - 8.993699-KT3
<

d = 9.143518-10"5
e = -8.90739M 0-7
/ = 5.291959 -10-9
L g = —1.359813 •10_11
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where the temperature T is in °C and a represents the fluid density at T=0 °C.
We follow the derivation given by Perrochet (1996) to obtain the expression for
computing the nonlinear thermally variable fluid density expansion to be used in the
density equation:
fi(T ) = ~ [ ( b

+ 2cT0 + 3 c/7;2 + 4 eTl + 5/T04 + 6gT05)+

(1.11)

Po

(c + 3dT0 + 6eT02 +10 fT03 + 15gT*)(T - T 0) +
{d + 4eT0 + 10JT02 + 20gT„){T - T 0)2 +
(e + 5JT0 +15 g T 2)(T - T 0f +
( f + 6gT0) ( T - T 0)* +
g ( T - T 0)5] .
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Figure 1.5. Fluid density as a function of temperature in the range of 0 and 100 °C, closeup view indicates the density anomaly (after Perrochet, 1996).

14

R eproduced with perm ission of the copyright owner. Further reproduction prohibited without permission.

Appropriately, the viscosity of the fluid phase is regarded as a function of
concentration C and the temperature T (equation 1.5). The viscosity dependencies are
developed by using empirical polynomial relationships as can be found in the literature.
FEFLOW use the following equation:
( 1.12)
l + 1.85tt)(C=Cj -4 .1 ©2c=Cj + 44.5®3c=Cj

1 + 0.7063^-0.04832^

x

1 + 1 .8 5 © -4 .1®2 + 44.5©3

^ ----1+ 0.7063^y„y ^—0 .0 4 8 3 2 ^ ^ ^

where ^ = (F -150)/100 atT in °C ; a = C / p f atC ing/1.

1.5.2 Hydrodynamic condition
The groundwater body (saturated porous medium) can be described as a 2-phase
system (fluid-solid). In the present context the fluid is represented by water. The
hydraulic head h (piezometric head) related to the reference fluid density is defined as
(Diersch, 2002):
h=

" + X;

,

(1-13)

pig

where the subscript / indicates the direction of gravity action in the Cartesian coordinate
system, g is the gravitational acceleration, and pf is the fluid pressure.

1.5.3 Boussinesq approximation and extension
Of special interest here are phenomena which are either influenced or totally
governed by concentration and/or temperature. For most density-dependent transport
phenomena, the so-called Boussinesq approximation (previously referred to as OberbeckBoussinesq approximation) is employed (Diersch, 2002). On this basis, the coupled
nonlinear system of balance equations can be essentially simplified without the
elimination of intrinsic coupling mechanisms significant for free convection processes.
The Boussinesq approximation considers that changes in density can be neglected, except
for the vital buoyancy term in the momentum conservation (Darcy) equation (Holzbecher,
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1998). This approximation is valid for small to moderate density variations due to
concentration and/or temperature changes.
The Boussinesq approximation becomes insufficient for large density variations
(e.g., at high concentration brines or high temperature gradients). The main difference
between the Boussinesq approach and the actual balance quantities is expressed by the
additional term Q eb (C ,T ) in the continuity equation (fluid mass conservation) according
to (Diersch, 2002):
/
Q eB (P,T) —- £

a
dc
( c s - c 0) d t

q

p ' dt

~v
2

which is negligible in the Boussinesq approximation. It represents an additional term to
incorporate mass dependent and temperature-dependent compression effects as required
for the extended Boussinesq approximation, where the compression work of pressure has
been neglected.
The first term in the above equation becomes unimportant if the temporal changes
in concentration and/or temperature vanish. The second term of the equation only
vanishes if the density gradient is essentially orthogonal to the flow. This is quite often
not an acceptable assumption. FEFLOW also enables the computation by employing the
so-called extended Boussinesq approximation. In the extended Boussinesq approximation
Q eb(C,

T) is considered.

1.6 Buoyancy-driven free convection theory
Free convections are driven by the buoyancy force that results from fluid density
variations due to the change o f temperature and salinity in a porous medium. The relevant
theory has been developed analytically and numerically through dimensional analysis of
the governing equations listed in section 1.5. This section summarizes major results from
previous studies.

1.6.1 Thermal convection
Free thermal convection in a sedimentary basin arises from the unstable
distribution of fluid density differences as a result of temperature. In an experiment of
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two-dimensional cells

Three-dimensional ceils

(B)

Single-ceil convection
in a folded layer

Figure 1.6. Schematic geometries of (A) Rayleigh-Benard convection for two and threedimensional cells and (B) non-Rayleigh convective flow pattern in a sloping layer (after
Simms and Garven, 2004).

Rayleigh-Benard convection, buoyancy-driven flow occurs when the nondimensional
average thermal gradient represented by a Rayleigh number (Ra) exceeds a critical value
(Lapwood, 1948; Joseph, 1976). For thermal gradients that are too small, the conditions
are subcritical so that the fluid is motionless and only heat conduction occurs. As the
Rayleigh number is increased, steady convective motions first develop and the flow
displays progressively more complicated spatial and temporal behavior as the conditions
become increasingly supercritical. Rayleigh number (Ra) is a function of the physical
properties o f the porous medium and the types of thermal and hydrologic boundary
conditions exerted on the porous medium. Convective circulation can also result from
lateral temperature differences generated by variations of thermal properties, heat flow,
topography, or other boundary conditions (Phillips, 1991). This type of convective
17
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circulation, referred to as non-Rayleigh convection (Wangen, 1997), or thermogravitational flow (Platten and Legros, 1984), occurs when there is any non-zero lateral
temperature gradient. The velocity field in non-Rayleigh convection is proportional to and
varies continuously with the lateral temperature gradient. The non-Rayleigh convection
cell size is controlled by the geometry of the disturbance of the temperature distribution,
which, in geological settings, could be represented by the length of a limb of a fold
structure. Figure 1.6 compares the geometries of Rayleigh-Benard convection and nonRayleigh convective circulation.
Numerical modeling of thermal convection related to ore mineralization in
continental rift settings (Person and Garven, 1994) indicated that convective circulation
dominates the flow of fluids in more permeable facies near the basin-framing fault.
Garven et al. (2001) modeled thermal convection as a mechanism causing discharge of
basin fluids to sedimentary-exhalative zinc-lead ore mineralization, and showed that
large-scale convection cells were controlled by the distribution o f fault zones and basinwide sandstone aquifers.

1.6.2 Thermohaline convection
Thermohaline processes in groundwater systems are connected with the presence
of heterogeneous temperature and concentration fields. Thus, complex convection cells
can arise from heat and salinity gradients acting simultaneously. Under these conditions
the densities are altered either from concentration or from temperature variations.
Furthermore, in this situation solute and heat transfers have to be computed
simultaneously. Applications of thermohaline models can be found in the fields of
geothermics, waste disposal in salt formations, and geological ore deposits.
For a thermohaline problem, the critical Rayleigh number Rac is composed of
solutal and thermal influences (Diersch and Kolditz, 2002):
Rac = R a s + R a t

(1.15)

solutal Rayleigh number R a s :
— - ------ AC K d

«».= (C' " C°)
n
s-Dd

(1-16)

18

R e p ro d u c e d with permission of the copyright owner. Further reproduction prohibited without perm ission.

thermal Rayleigh number R a , :
M

‘

L ± ±

<a/ + ( i - £);r

A

(1 17)

p f cf

The definitions of parameters in the equations are listed in the nomenclature at the end of
the thesis.
The critical Rayleigh number Rac depends on the boundary conditions, geometry
and anisotropy of a porous medium. A first critical number Raci describes the onset of
convection in the form of stable stationary rolls, the value of which is normally given by
47i2. Further increase of the Rayleigh number leads to a second critical stage characterized
by RaC2 . For this regime no more stationary conditions exist and fluctuating (oscillatory)
transient convective patterns appear. R a^ is only known from numerical studies, where a
value of about 390 is reported.
Fluid flow is classified as density-driven if the flow pattern is influenced by
density differences in the fluid system (Holzbecher, 1998). The density here is referred to
as fluid density. It is influenced mainly by salinity and temperature and to a minor extent
by pressure, which is of less importance.
Buoyancy-induced flow is another term often appearing in the literature.
Buoyancy is a force related to density differences and drive density-driven flow. The
density difference needs to be multiplied by g, the acceleration due to gravity, to get the
buoyancy force. If there are no density differences, there is no buoyancy (Holzbecher,
1998).
The hydrothermal fluid flow is a fluid flow driven by density differences. This
study will use a finite element method to simulate this kind of fluid flow.

1.7 Numerical methods
A numerical method (e.g. finite element method, finite difference method) is an
approximation technique used on a mathematical model to change it into a form that can
be solved quickly by a computer. A computer package solves a set of algebraic equations
generated by approximating the partial equations (governing equation, boundary
conditions and initial conditions) that form the mathematical model (Anderson and
Woessner, 1992). The set of algebraic equations produced this way can be expressed as a
matrix equation. Numerical methods are then used to solve the matrix equation.
19
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In a numerical model, the continuous problem domain is discretized by an array of
nodes and associated finite element. The nodal elements form the framework of the
numerical model. Continuous time is approximated by discrete time steps.
The choice between numerical methods depends on the problem to be solved and on
the preference of the user (Anderson and Woessner, 1992). Finite element method can
handle irregular boundaries and it is also able to deal with internal boundaries such as
fault zones (Anderson and Woessner, 1992). So a finite element method is used in this
study. There is a fundamental difference between the two methods. Finite difference
methods compute a value for the head at the node which is the average head for the cell
that surrounds the node. On the other hand, finite element methods precisely define the
variation of head within an element by means of basis function. Heads are calculated at
the nodes for convenience, but is defined everywhere by means of basis functions.
The conceptual model is put into a form suitable for modeling during the process.
Conceptual models are a key point in the numerical modeling process, and link geological
reviews/problems and numerical computations. A geologically reasonable conceptual
model will yield useful and meaningful results. Without a good conceptual model, the
results can be misinterpreted or may even give erroneous results.
Prior to the actual computation, it is important to design grids and to parameterize the
boundary and initial conditions correctly using the constraints of the concept model. The
boundary and initial conditions represent the physical situation of the solution domain. In
this study, triangular mesh is used to create the finite elements.
Correct selection of boundary conditions is a critical step in model design. Boundary
conditions must be selected so that the simulated effect is realistic. It is advisable to select
the physical boundaries whenever possible because they usually are stable features of the
flow systems (Anderson and Woessner, 1992).
Initial conditions refer to the distribution of the parameters in the system at the
beginning of the simulation. In this study, the initial conditions will be selected based on
the reconstruction of a geological environment in a specific historical period, Antler
orogeny. The dolomiting fluid flow is believed to be formed during this period (e.g. AlAasm et al., 2002).
Calibration o f the simulation model is necessary. The purpose of this calibration is
to establish that the model can produce geologically reasonable conclusion. This includes
20
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the adjustment o f the conceptual model and boundary/initial conditions. In this study,
various case studies with different parameters and boundary/initial conditions are
conducted to simulate the distinct geologic conditions in the Parkland field, WCSB.

1.8 Methodology
In this study, the computer modeling approach was integrated with the existing
geological, geochemical, structural and geophysical data to quantify hydrothermal fluid
activities within the Devonian Wabamun Group at Parkland field in northeast British
Columbia. A numerical conceptual model was constructed based on the geological model
suggested by Packard et al. (2001). Diagenesis and fluid flow controlling parameters of
the study area, such as fault properties, strata features (permeability, porosity and attitude)
and brine characteristics, were obtained from oil company and literature.
The most-up-dated sophisticated finite element computer package (FEFLOW) was
utilized to simulate transient hydrothermal fluid flow and mass transport. FEFLOW is an
interactive finite-element simulation system for modeling 3D and 2D flow, mass and heat
transport processes in the subsurface. It is capable of computing: (1) Groundwater
systems with and without free surfaces, (2) Problems in saturated-unsaturated zones, (3)
Both salinity-dependent and temperature-dependent transport phenomena, and (4)
Complex geometric and parametric situations.
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CHAPTER 2
Numerical Modeling of Hydrothermal Fluid Flow

2.1 Introduction
Hydrothermal fluid circulation through porous media is an important physical
process for diagenesis and hydrocarbon accumulation. The presence of hydrothermal
dolomitization has been used as an indicator of the interaction of high-temperature
hydrothermal fluids with host carbonates (e.g. Al-Aasm, 2002; Radke and Mathis, 1980).
Hydrothermal dolomite is a host for major reserves of hydrocarbons in the WCSB
(e.g. Stoakes, 1987), and also for most of the world’s carbonate-hosted Mississippi Valley
type (MVT) Pb-Zn ore bodies (Davies, 2000). Further, there is a close spatial and
probably a temporal linkage between hydrothermal dolomite-hosted MVT deposits and
hydrothermal, shale (or sediment)-hosted exhalative (SEDEX) Pb-Zn ore bodies
(particularly in western Canada; Sangster, 1990). For hydrothermal dolomite reservoir,
the global approach gives insights into preferred structural settings (e.g. extensional or
strike-slip system), preferred facies relationships (e.g. at carbonate platform margins), and
various fabric associations (e.g. hydrothermal breccias and zebra fabrics) (Mountjoy et al,
1991; George, 1993; Davies, 2000).
Hydrothermal dolomitization is a controversial topic because the definition of
“hydrothermal” (Machel and Lonnee, 2002). The word “hydrothermal” was originally
applied to hot waters and mineralization associated with magmatism (Gilbert, 1875,
Morey andNiggli, 1913, Homels, 1928 and Steams et al., 1935 in Machel and Lonnee,
2002). This definition narrows the use of the term with a constraints of magmatic origin.
In this paper, an applicable conception was adopted: “hydrothermal fluid” refers to those
aqueous solutions which are warm or hot relative to the surrounding environment (White,
1957). There are no genetic implications regarding the fluid source in this definition.
Such a fluid can be conducive to dolomitization. The hydrothermal dolomite formed by
this fluid should have fluid inclusions or other geochemical parameters that record a
higher temperature (by >5 -10 °C) than the ambient environment, regardless of fluid
source or drive forces (Figure 2.1) (Machel and Lonnee, 2002).
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Figure 2.1. Hydrothermal, geothermal and hydrofrigid mineral formation (after Machel
and Lonnee, 2002).

In this study, the computer modeling approach is integrated with the existing
geological, geochemical, structural and geophysical data to quantify hydrothermal fluid
activities within the Devonian Wabamun Group at the Parkland field in northeast British
Columbia. Packard et al. (2001) proposed a diagenesis model for the Parkland field. Two
periods of structural activity are displayed in the model (Figure 2.2). Syn-depositional
extension and shear deformation occurred in the early to early middle Tournaisian (about
360 M.Y.). Packard et al. (2001) suggested that this early period o f structuring coincides
in time with hydrothermal diagenesis and reservoir development at the Parkland area. The
Dawson Creek Graben Complex was formed during the late Visean period (about 340
M.Y.), the graben-related extension structures were developed simultaneously. They
believed that these extensional and w rench faults form ed during the tw o periods o f

structural activity are the main conduits for subsurface fluid flow. A numerical conceptual
model was constructed based on the geologic model.
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Figure 2.2. Geologic model in the Parkland field, British Columbia, Canada (after
Packard et al., 2001). Two periods of structural activity are displayed in the model, (a)
Extension and shear deformation was occurring in the early to early-middle
Toumaisian. (b) The late Visean extension period.
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2.2 Previous studies
Numerical modeling has been proved to be a useful method for testing various
hypotheses regarding subsurface fluid flow and the resulting geological phenomena. Here
a brief review of works on thermal convection model is presented.
Sanford et al. (1998) conducted a numerical analysis of seawater circulation in
carbonate platforms driven by fluid density differences. The results indicate that
permeability is an important factor in controlling the magnitude and pattern of fluid
circulation. They pointed out that carbonate rocks could have permeabilities that are
sufficiently high to allow large volumes of water to move through platforms, and that the
fluid volumes are great enough to alter the temperature field significantly.
Garven et al. (2001) explored the role of hydrothermal fluid flow in the McArthur
basin, Australia. The numerical results indicated a structural control on fluid flow caused
by fault systems. The discharging, recharging fluid flow via faults and lateral fluid flow
along aquifers form free convection cells. Heat is elevated in areas of upwelling fluid
flow.
Simms and Garven (2004) investigated the thermal convection in faulted
extensional sedimentary basins. Their results suggested that “steeply dipping extensional
faults can provide pathways for vertical fluid flow across large thickness of basin
sediments and can modify the dynamics of thermal convection. The presence of faults
perturbs the thermal convective flow pattern and can constrain the size and locations of
convection cells”.
Yang et al. (2004a) examined the factors controlling free thermal convection in
faults in sedimentary basin. The numerical experiments revealed that deeper, wider and
more permeable faults are more likely to behave as fluid discharge conduits, and that
shallow, narrow or less permeable faults act as seawater recharge pathways. More recent
work by Yang et al. (2005) simulated regional flow pattern over a north-south profile of
the Lawn Hill Platform, Australia.
Ma et al. (2005) studied the hydrothermal fluid flow in the WCSB.,Numerical
simulations indicated that faults provide the pathways for the upwelling hot fluid from the
deep basin, and that stratum properties constrain the magnitude and pattern of thermal
convections. Unfortunately, the depth dependent permeability and porosity in their
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models was calculated only considering mechanic compaction. The effects of early
diagenetic processes on permeability and porosity were ignored.
In this study, hydrothermal fluid flow was modeled with geologically reasonable
parameters in a complex geological situation. The conceptual model was specifically
designed for the complexity of fluid flow patterns in the Parkland field, WCSB.

2.3 Conceptual model
Based on previous work (Mossop and Shetsen, 1994; Packard et al., 2001), a
conceptual model was developed, corresponding to the early Antler Orogenic movements.
The 2-D model is a rectangular vertical cross-section, oriented perpendicular to the trend
of the Prophet trough. A back-stripping method is used to reconstruct the paleoconfiguration of the cross-section, which is 11 km wide and 3.5 km thick (Figure 2.3).
The lower part of the model is the Precambrian basement used as a buffer zone, which is
necessary to maintain a conductive basal thermal regime (e.g. Sanford et al., 1998; Jones
et al., 2003). The upper part of the model consists of sequences of interest lying above
and below the Wabamun Group that have been penetrated by a subvertical shear fault and
a dipping extension fault. These faults are assumed to have a width of 50 m and to
penetrate the entire section. The Wabamun carbonates and underlying Granite Wash
and/or Cambrian to Upper Proterozoic elastics are simulated as major aquifers, while the
Banff sediments and Exshaw shale are simulated as aquitards in the study area.
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Figure 2.3. Conceptualized 2-D stratigraphic model for the Parkland field.
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Table 2.1 Major physical parameters of the faults and host strata units
Hydraulic conductivity
(m/s)

Strata units

Porosity
(%)

Thermal
conductivity
(J/m s °C)

Vertical

Horizontal

Faults

3.39x10''

3.39xl0'7

33

2.0

Banff sediments

7.38x10'9

7.38xl0'7

49

2.0

Exshaw FM

1.6xlO'10

1.6xl0'8

20

2.0

Wabamun Group

1.13xl0'7

1.13xl0'5

34

2.0

Granite Wash

2.50xl0'8

2.50xl0'6

26

2.0

1.58xl0'12

1.58xl0'12

3.0

3.0

Precambrian
crystalline basement

Table 2.1 shows the major physical properties of the model (Wilson et al., 2001;
Yang et al., 2004; Simms and Garven, 2004; Schmoker and Hailey, 1982; Lucia, 1995).
The porosity is depth dependent (Caspard et al., 2004), and the porosity-depth equation
for fine-grained sediments (Banff sediments) is (Wilson et al., 2001):
$ -

0.4exp(-z/125) + 0.4exp(-z/6500) ,

where <j> is porosity (fractional) and z is depth below sea level (m). For medium- and
coarse-grained sediments (Wabamun carbonates), it is (Schmoker and Hailey, 1982):
(/> =

0.4173 ex p (-z/ 2498) .

For the Exshaw shale, the porosity is fixed at 20% following the work of Singer and
Muller (1983). Permeability is calculated as a function of porosity based on the Lucia’s
work (1995):
k

= (2.04 x 10~6) x ^6 38 for the Wabamun Group,

and k = (2.884xio3)x^4'275 for the Banff and Exshaw formations,
where k represents permeability in the units of millidarcy (md). For the Granite Wash
and/or Cambrian to Upper Proterozoic elastics, the permeability and porosity used the
value for sandstones at a depth range of 500-4500 m (Teodorovich and Chernov, 1968).
The upper boundary of the model represents the seafloor which is permeable and
maintained at 20°C. The lower boundary is assumed to be permeable to fluid flow and
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assigned a constant heat flux of 80mW/m2 (Bachu and Burwash, 1994). The side
boundaries are assumed to be impermeable and adiabatic.
The initial temperature varies linearly with depth following the geothermal gradient
of 40°C/km (Bachu and Burwash, 1994). The initial pressure is calculated with a
consideration o f the changing fluid density due to temperature changes with depth.

where T is temperature (°C), and z is burial depth (m).

2.4 Results and discussions
The numerical model presented in this chapter is a fully coupled fluid flow and
heat transportation system. Heat and fluid flow transport are computed without
considering mass transport. The thermal convection model is applicable in geological
settings with zero or small salinity effect.
The simulation results indicate that faults are the pathways for basinal fluid flow
to overlying aquifers. When the buoyancy force driven fluid flow reaches an aquifer,
thermal convection occurs within the layer. Via these convection cells, the heat is
transferred laterally along the aquifers. Consequently, deep hot brine affects and controls
the diagenesis in the overlying shallower layers.
Several case studies were conducted. Each scenario represents a possible paleogeologic setting. The controlling factors on the hydrothermal fluid flow are defined based
on the analysis of these case studies.

Case 1: Open faults
In the early to early-middle Toumaisian, the two faults in the model are assumed
to be active (open). Hence a three times higher hydraulic conductivity than the Wabamun
carbonates’ is assigned (Table 2.1). The bottom boundary is assumed to be open to deep
basinal fluids.
The simulation results indicate that hot basinal fluids ascend along the faults,
driven by buoyancy force. Thermal convection cells around the faults are observed within
aquifers. Hot fluid enters the aquifer from the bottom (Wabamun Group), and cold
formation water returns to the fault from the top (Figure 2.4b). Hydrothermal fluid
33

R e p ro d u c e d with permission of the copyright owner. Further reproduction prohibited without perm ission.

moving at a maximum flux rate of 6.5 m/d via the fault alters the heat distribution within
the model significantly. The aquifers’ temperature in the vicinity of the fault may increase
up to that of the basement, approximately 160 °C, which is consistent with the
homogenization temperature measurements for Wabamun saddle dolomite (Al-Aasm,
2003; Packard et al., 2001) (Figure 2.4).
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Figure 2.4: Temperature distribution for the thermal convection model with active faults
(Case 1): (a) at 10 years; (b) at 500 years.
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Case 2: Decreased fault permeability
In case 1, the fault permeability is three times higher than the Wabamun
carbonates. In this model we reduce the fault permeability to one fifth of the Wabamun
unit. This scenario corresponds to the conditions where higher pressure exerted on the
infills of the faults. Simulation results revealed that the permeability of the fault critically
affected the hydrothermal fluid flow magnitude. The fluid flux inside the faults decreases
to 0.1 m/d while it is 6.5 m/d in case 1. Consequently, the lateral spreading of the hot
fluid flow in the aquifer is slower when compared with case 1 (Figure 2.5).

At 500 years
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Figure 2.5. Temperature distribution for the thermal convection model with less
permeable faults (Case 2) at 500 years.

Case 3: Shallow penetrating fault
In this case, the faults reach only 3000 metres in depth. In other words, they are
not connected with the deep basinal brine source directly. The simulation results indicated
the hydrothermal fluid flow became less intensive. Only weak thermal convection occurs
inside the faults. The deep hot fluid can not reach the aquifers (Figure 2.6).
This scenario is also applicable in geological cases where there is no hot basinal
fluid. The question whether the deep fluids are connected with overlying sedimentary
layers remains open although a number of arguments suggest that the amount of fluids
(notably H2 O and CO2 ) contained in the continental lower crust or upper mantle is at least
35
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Figure 2.6. Temperature distribution for the thermal convection model with shallower
penetrating faults (Case 3): (a) at 50 years; (b) at 500 years.
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Figure 2.7. Temperature distribution for the pure thermal convection model during
tectonic quiescence (Case 4): (a) at 500 years; (b) at 1000 years.
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equal, possible orders o f magnitude more than in the hydrosphere (Touret, 2003).
However, results of stable isotopic and fluid-inclusion studies of Cambrian carbonate
units in the southern Canadian Rockies indicate that, during the Late Devonian or Early
Mississippian, a warm brine migrated from miogeoclinal shales in the western part of the
Western Canada Sedimentary Basin into the eastern carbonate sequences (Nesbitt and
Meuhlenbachs, 1994).

Case 4: Tectonic quiescence
When the faults stay inactive, they are readily buried by subsequent sedimentary
events and usually have lower permeability during this period. This case study is
designed to model a period of tectonic quiescence.
The results indicate that the flow rate is reduced due to the “cap” inhibition and
decreased fault permeability (Figure 2.7). The maximum velocity of fluid flow is
■j

3.91x10' m/d, which is much less than the value in case 1 (6.5 m/d). Consequently,
hydrothermal fluids take a longer time to reach the aquifers.

Case 5: Lower dip angle fault
In this case, the effect of the fault dip angle is tested. A smaller dip angle fault
(45°) is incorporated, the other parameters are kept the same as before. For all other case
studies, the dip angle is 75°. The dip angles of normal faults in extensional sedimentary
basins commonly range from 45° to 75° (Jackson, 1987; Morley, 1995).
The simulation results indicate that slower fluid flow was observed in the dipping
fault within the model, in comparison with the vertical fault. The velocity values at point
1 and 2 in Figure 2.8 are 1.8 m/d and 0.55m/d, respectively.
In the thermal convection model, fluids are more likely to move upward due to the
buoyancy force, especially above the low dip angle fault. We can see that there is a more
intensive fluid flow on the eastern side of the fault than on the western side (Figure 2.8).
Thermal convection cell is displayed in the Figure 2.9. It can be seen that the hot upward
fluid enter the aquifer and start to travel laterally from the bottom and relatively colder
formation water enters the fault from the top.
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Figure 2.8. Temperature distribution for the thermal convection model with lower dip
angle fault (Case 5): (a) at 500 years; (b) at 1000 years (The rectangular zone is enlarged
in Figure 2.9).

39

R e p ro d u c e d with permission of the copyright owner. Further reproduction prohibited without perm ission.

Figure 2.9. Fluid velocity vector display the thermal convection in aquifers. Contour lines
represent temperature distribution.

Case 6: Regional fluid flow
In this scenario, we investigated the control of regional fluid flow on thermal
convection. A flow flux of 0.025m/day (Ge and Garven, 1994) is assigned on the western
side boundary along the interval of Granite Wash, representing a regional fluid flow
associated with tectonic compression during the Antler Orogeny period.
In comparison with Case 1, we can see that the regional fluid flow impedes the
hydrothermal fluid flow circulation on the western side of the faults, especially on the left
hand side of subvertical shear fault. At the same time, the regional fluid flow promotes
the lateral movement of hydrothermal fluid flow on the eastern side of the faults (Figure
2 . 10).
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Figure 2.10. Temperature distribution for the thermal convection model with regional
fluid flow (Case 6): (a) at 10 years; (b) at 500 years.
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Figure 2.11. Areal distribution of hydrothermal dolomite at Parkland field and Doe field
(after Packard et al., 2001).

2.5 Conclusions
Geological events are complicated and can not be represented by just one scenario
discussed here. Usually a complex geological event can be simulated by combining
several cases, or different scenarios should be applied to specific geological periods or
events.
The numerical results indicate that faults play the most critical role in controlling
hydrothermal fluid flow. They provide a pathway connecting the basin basement and
overlying sedimentary layers. Upwelling fluid flows via faults bring heat from the
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underlying rock units at depth to shallower formations. The hydrothermal fluid flow
velocity is slower in dipping faults than that in vertical faults. Lower fault permeability
during tectonic quiescence and shallower depth of fault penetration impede the ascending
hydrothermal fluid flow.
Hydrothermal fluid flow patterns are not controlled solely by faults. The
permeability distribution of the host rocks, regional heat regime and fluid flow pattern are
also important. The regional Exshaw shale is a barrier for free convection cells. Aquifers
and faults are the main conduits for hydrothermal fluid flow and associated heat transport.
A regional fluid flow, resulting from tectonic compression, promotes the lateral
movement of hydrothermal fluid flow on the right hand side of faults and acts as an
impediment on the left hand side of faults.
The saddle dolomite and replacement chert in the Wabamun Group of Parkland
field could have been formed during the Antler Orogenic movements as a result of
hydrothermal fluid flow. This interpretation is supported by the temperature results
obtained from our simulations. In addition, the areal extent of hydrothermal dolomite
along the fault at the Parkland and Doe fields also indicate its close relationship with fault
conduited fluid flow (Figure 2.11). The hot basinal fluid moves upwards via faults and
starts to travel laterally when it reach aquifers. During the movements along faults and
aquifers, the silica- and/or magnesium-charged hydrothermal fluids are cooled to initiate
precipitation of dolomite or microquartz.
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CHAPTER 3
Numerical Modeling o f Hydrothermal Fluid Flow
Coupled with Solute Transport

3.1 Introduction
The Parkland play type in the Western Canada Sedimentary Basin (WCSB) has
raised considerable interest for geologists due to its unique reservoir characterization by
having very porous chert and dolomite in the same formation. The partially dolomitized
middle Wabamun grainstones and reefal sediments as well as the local pods of faultassociated, pervasively dolomitized upper Wabamun medial ramp sediment reservoirs
represent significant potential for undiscovered resources (Packard et al., 2001).
Hydrothermal dolomite is generally interpreted to have formed as a result of hot
fluids related to hydrothermal activity (Stoakes, 1987; Sailer et al., 1994; Nesbitt and
Meuhlenbachs,1994; Al-Aasm, 2003; Al-Aasm and Clarke, 2004). Nesbitt and
Meuhlenbachs (1994) and Al-Aasm and Clarke (2004) suggested that some saddle
on

dolomites with nonradiogenic to enriched

oz

Sr/ Sr ratios, high salinities and

homogenization temperatures (Th) in the WCSB are associated with Pre-Laramide fluid
flow (i.e., Antler orogenic movement related fluid flow). Packard et al. (2001) suggested
that the early period of syndepositional extension and shear deformation coincide in time
with hydrothermal diagenesis and reservoir development at the Parkland area. They
demonstrated that the replacement microquartz showing significantly more depleted
oxygen isotope values than the original isotope signature of the chert nodules, was
consistent with precipitation from hot fluids with a temperature ranging from about 140 to
200 °C. Based on petrographic and geochemical investigations of the dolomite from the
Slave Point Formation, NW Alberta, Canada, Al-Aasm and Clarke (2004) proposed that
saddle dolomite precipitation occurred as a result of hydrothermal fluid flow along faults
and fractures associated with deformation during the Late Devonian and Early
Mississippian time.
Although a hydrothermal origin of some dolomitization and chertification is well
established, there is almost no evidence from fluid dynamics and numerical simulation.
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This study is aimed to investigate the viability of the process of hydrothermal diagenesis
using numerical simulation, with the Wabamun Group, Parkland field as the field
example. The computer package FEFLOW (Finite Element Subsurface Flow and
Transport Simulation System) was employed to undertake the numerical simulations.
In this study, the numerical modeling approach will be integrated with the existing
geological, geochemical, structural and geophysical data to quantify hydrothermal fluid
activities within the Devonian Wabamun Group at the Parkland field in northeast British
Columbia. The conceptual model still follows the geological model proposed by Parkland
et al. (2001) for the Parkland field (Figure 2.1).

3.2 Previous studies
During the past decades, numerical simulation has been developing with the
improvement of both computer software and hardware. It has been applied in many fields
of geology and hydrogeology. Some studies on subsurface fluid flow have provided
insights into both the mechanism driving fluid flow and the associated process of
mineralization.
Gavem and Freeze (1984) were the first to conduct a numerical experiment on
topographically driven fluid flow. Their results suggested that elevated topography could
drive the circulation of meteoric waters deep into foreland basins over distances of
several hundred kilometres. The fluid flow can also attain velocities of up to 3><1O'7 m/s
(Garven, 1995).
Other research has been conducted on the influence of subsurface fluid flow on
the migration and accumulation of hydrocarbons. Garven (1989) investigated the role of
regional groundwater flow in the formation of the Alberta heavy oil deposits using a finite
element method. His mathematical models suggested that fluid flow is highly focused by
Upper Devonian carbonate aquifer, which acted as a major conduit for both long distance
miscible and immiscible oil migration. Numerical simulation of soluble- and separatephase migration demonstrated that over 80 percent of the giant oil deposits probably
accumulated during the soluble transport of hydrocarbon.
Kaufman (1994) simulated compaction fluid flow, variable-salinity fluid flow and
thermal convection using 2D BASIN2 FLOW MODEL (a finite-difference code). He
suggested that the slow rate of compaction fluid limits it to be efficient mechanisms for
48
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regional dolomitization. Thermal convection and Kohout convection were demonstrated
numerically to be a potential dolomitization mechanism due to the circulation of seawater.
He also suggested that a dynamic hydrologic regime might be established by glacioeustatic sea level changes, which implies that the pressure constraint in the modeling
might be variable.
Jones et al. (2000, 2003) investigated the interdependent processes of fluid flow,
heat flow and solute transport in a 2D finite element groundwater flow model, using a
modified version of SUTRA (Voss, 1984). They suggested that the pattern and magnitude
of reflux is critically controlled by permeability and the distribution of platform-top
brines. They also presented the interaction between geothermal and reflux circulation, as
well as discussed the implication of these fluid flows on dolomitization.
Yang et al. (2004b) presented a hydrogeological model that fully couples transient
fluid flow, heat and solute transport associated with the formation of the HYC SEDEX
deposit in the McArthur basin. The numerical results revealed that salinity plays an
important role in controlling hydrothermal fluid migration. Yang et al. (2004b) proposed
that relatively saline conditions at the seafloor strengthen the thermally-induced buoyancy
force and hence promote free convection of basinal solutions; whereas, high salinity at the
bottom counteracts the thermal function of natural geothermal gradient and suppresses the
development of convective hydrothermal fluid circulation.
More recently, Ma et al. (2005) examined the hydrothermal brine flow in the
WCSB. Their numerical experiments revealed that the salinity distribution of formation
water controls the rates and patterns of hydrothermal fluid flow.
Coupled groundwater flow and reactive-transport models have been used to study
the role of groundwater flow for diagenesis (Whitaker et al., 2004). However this is
beyond the scope of this study. For more detail, refer to the paper by Whitaker et al.
(2004).

3.3 Conceptual model
Based on previous work (Mossop and Shetsen, 1994; Packard et al., 2001), a
conceptual model was developed corresponding to the early Antler Orogenic movements.
The 2-D model is a rectangular vertical cross-section, oriented perpendicular to the trend
of the Prophet trough. A back-stripping method is used to reconstruct the paleo49
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configuration of the cross-section, which is 11 km wide and 3.5 km thick (Figure 3.2).
The lower part of the model is the Precambrian basement used as a buffer zone, which is
necessary to maintain a conductive basal thermal regime (e.g. Sanford et al., 1998; Jones
et al., 2003). The upper part of the model consists of sequences of interest lying above
and below the Wabamun Group penetrated by a subvertical shear fault and a dipping
extension fault. These faults are assumed to have a width of 50 m and to penetrate the
entire section. The Wabamun carbonates and underlying Granite Wash and/or Cambrian
to Upper Proterozoic elastics are simulated as major aquifers, while the Banff sediments
and Exshaw shale are simulated as aquitards in the study area.
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Figure 3.1. Conceptualized 2-D stratigraphic model for the Parkland field.

Table 3.1 Major physical parameters of the faults and host strata units
Hydraulic conductivity
Strata units

Porosity

(m/s)
(%)

Thermal
conductivity
(J/m s °C)

Vertical

Horizontal

Faults

3.39xl0':>

3.39xl0"v

33

2.0

Banff sediments

7.38x1 O'9

7.38xl0'7

49

2.0

Exshaw FM

1.6xlO'10

1.6xl0'8

20

2.0

Wabamun Group

1.13 x 10'7

1.13xl0'5

34

2.0

Granite Wash

2.50x10'®

2.50xl0'6

26

2.0

1.58xl0‘12

1.58xl0'12

3.0

3.0

Precambrian
crystalline basement
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Table 3.1 shows the major physical properties of the model (Wilson et al., 2001;
Yang et al., 2004b; Simms and Garven, 2004; Schmoker and Hailey, 1982; Lucia, 1995).
The porosity is depth dependent (Caspard et al., 2004), and the porosity-depth equation
for fine-grained sediments (Banff sediments) is (Wilson et al., 2001):
^ = 0.4exp(-z/125) + 0.4exp(-z/6500),
where <t> is porosity(fractional) and z is depth below sea level (m). For medium- and
coarse-grained sediments (Wabamun carbonates), it is (Schmoker and Hailey, 1982):
^ = 0.4173 exp(-z 7 2498).
For the Exshaw shale, the porosity is fixed at 20% following the work of Singer and
Muller (1983). Permeability is calculated as a function of porosity based on Lucia’s work
(1995):
k

= (2.04x10 6) x ^ - 38 for the Wabamun Group,

and k = (2.884 x i0 3) x ^ 4 275 for the Banff and Exshaw formations,
where k represents permeability in the units of millidarcy (md). For the Granite Wash
and/or Cambrian to Upper Proterozoic elastics, the permeability and porosity used the
value for sandstones at a depth range of 500-4500m (Teodorovich and Chemov, 1968).
The upper boundary of the model represents the seafloor which is permeable and
maintained at 20°C and a seawater salinity of 3.6 equivalent wt. % NaCl. The lower
boundary is assumed to be permeable to fluid flow and assigned a constant heat flux of
80mW/m2 (Bachu and Burwash, 1994). The salinity along the bottom determined by fluid
inclusion data is 22 equivalent wt.% NaCl (Al-Aasm, 2003). The side boundaries are
assumed to be impermeable, adiabatic and without mass exchange with the outsides.
The initial temperature varies linearly with depth following the geothermal gradient
of 40°C/km (Bachu and Burwash, 1994). Initial salinity is assigned linearly with a
change from the top boundary value of 3.6 wt. % to the bottom boundary value of 22 wt.
%. Initial pressure is calculated with a consideration of the changing fluid density due to
the salinity and temperature changes with depth.

where C is salinity (wt.%), T is temperature (°C), and z is burial depth (m).
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3.4 Results and discussions
In this chapter, all models are fully coupled fluid flow, heat and mass
transportation systems. Pure water thermal processes were coupled with mass transport.
Under these conditions, the fluid density is controlled by heat and salinity. The
hydrothermal fluid flow patterns are changed to some extent in comparison with the pure
water models. Faults are the pathways for basinal fluid flow to overlying aquifers. When
the buoyancy force driven fluid flow reaches an aquifer, resulting thermohaline
convection cells occur within it. Via these thermohaline convection cells, heat and mass
are transferred laterally along the aquifers. Consequently, deep hot brine affects and
controls the diagenesis in the overlying shallow layers.

Case 1: Open fault
In the early to early-middle Toumaisian, the two faults in the model are assumed
to be active (open). Hence a three times higher hydraulic conductivity than the Wabamun
carbonates’ is assigned (Table 3.1). The bottom boundary is assumed to be open to deep
basinal brine.
The simulation results show that upwelling fluid flow along the faults disturbs the
initial salinity and heat distribution. The thermally-induced buoyancy force overcomes
brine gravity and drives the basinal brines upward. Upon reaching the aquifer, the
upwelling saline fluid starts to travel laterally . Consequently, the salinity of the aquifers
near the fault zone is increased to 22 equiv. wt. %, which is consistent with the fluid
inclusion data of the Wabamun saddle dolomite. The aquifer temperature nearby the fault
can also be increased up to basement levels, approximately 160 °C, which is consistent
with the homogenization temperature measurements for Wabamun saddle dolomite (AlAasm, 2003; Packard et al., 2001) (Figure 3.2).
The convection cells in the thermohaline convection and thermal convection
models have the same flow direction but a different fluid flux rate (Figures 3.2&3.3 and
Figure 2.4). The maximum fluid flow velocity along the fault is 2.4 m/d in the
thermohaline convection model, while it is 6.5 m/d in pure thermal convection model
(Case 1 in chapter 2). Hence, heat and solute transfer in the aquifer is slower in the
thermohaline convection model than in the thermal convection model due to lower fluid
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flow velocity. This can be explained by the salinity induced density force impeding the
ascending buoyancy driven flow along faults (Yang et al., 2004).
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Figure 3.2. Salinity evolution and fluid pattern for the coupled fluid, heat and solute
model with open fault (Case 1): (a) at 10 years; (b) at 500 years.
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Figure 3.3. Temperature evolution for the coupled fluid, heat and solute model with open
fault (Case 1): (a) at 10 years; (b) at 500 years.
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Case 2: Lower dip angle fault
In this case, the effect of the fault dip angle is tested. A smaller dip angle fault
(45°) is designed and all other parameters are same as before. For all other case studies,
the dip angle is 75°. The dip angles of normal faults in extensional sedimentary basins
commonly range from 45° to 75° (Jackson, 1987; Morley, 1995).
The same case study as in the thermal convection model (Chapter 2) was
conducted to examine the salinity effect on fluid flow. There is a significantly different
fluid flow pattern between these two models. In the thermal convection model, fluid flow
is more likely to move upward due to the buoyancy force, especially above the low dip
angle fault. We can see that there is a more intensive fluid flow on the hanging wall than
on the footwall (Figure 2.8). However, in the thermohaline model, upwarding
hydrothermal fluid flow is more likely to travel laterally in the aquifers on the footwall
(Figures 3.4&3.6). This is a result of the greater brine gravity comparing with the
buoyancy force due to the heat source in the bottom of the model. Figure 3.5 show the
thermohaline convection cell in the aquifer. It can be seen that the hot upward brine enter
the aquifer and start to travel laterally from the bottom and relatively colder formation
water enters the fault from the top.
It is worth mentioning that the fluid flux rate is slower in the dip fault than in the
vertical fault. Consequently, the heat and mass transport rate is slower in the dip fault
than in the vertical one (Figure 3.4, 3.6). In addition, the lower dip angle fault is more
favorable to the lateral movement of the hot brine (Figure 3.4b).
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Figure 3.4. Salinity evolution in thermohaline model with low dip angle fault (Case 2). (a)
10 years and (b) at 500 years (rectangular zone is enlarged in figure 3.5).
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Figure 3.5. Fluid velocity vector display the thermohaline convection in aquifers. Contour
lines represent salinity distribution.
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Figure 3.6. Temperature field evolution in thermohaline model with lower dip angle fault
(Case 2). (a) at 10 years; (b)at 500 years.
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Case 3: Decreased fault permeability and tectonic quiescence
During the tectonic quiescence period, faults usually stay inactive and are readily
buried by subsequent sedimentary events. As a consequence faults have lower
permeability during this period. This case study is designed to model such a situation.
Figure 3.7 & 3.8 show the salinity and temperature evolution, respectively.
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Figure 3.7. Salinity field evolution in thermohaline model with lower permeable
and buried fault (Case 3). (a) at 10 years; (b)at 500 years.
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Figure 3.8. Temperature field evolution in thermohaline model with lower
permeable and buried fault (Case 3). (a) at 10 years; (b)at 500 years.

Case 4: Regional fluid flow model
In this scenario, we investigated the control of regional fluid flow on thermal
convection again. A flow flux of 0.025m/day (Ge and Garven, 1994) is assigned on the
left-hand side boundary along the interval of the Granite Wash, representing a regional
fluid flow associated with tectonic compression during the Antler Orogeny period.
Similar to the thermal convection model, the regional fluid flow impedes (on the
left side of fault) or promotes (on the right side of fault) the lateral movement of

60

R e p ro d u c e d with permission of the copyright owner. Further reproduction prohibited without perm ission.

hydrothermal fluid flow (Figure 3.9). Another case study with slower flow flux
(compared with the tectonically-induced fluid flow with the flux rate of 0.025m/day) on
the left hand side boundary was conducted to examine the compaction fluid flow due to
sedimentary loading and compaction. The result reveals this type of fluid flow has only a
very small effect on hydrothermal fluid flow due to the slow fluid flow rate.
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Figure 3.9. Temperature field (a) and salinity distribution (b) in thermohaline
model with tectonically-induced regional fluid flow (Case 4) at 500 years.
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Case 5: Higher salinity brine model
In all of the previous case studies, the salinity distribution varies linearly from the
top of the model at 3.6 equiv.wt. % to the bottom of the model at 22 equiv.wt. %. In this
scenario, more saline brine is simulated. The salinity distribution is assigned linearly from
3.6 equiv.wt. % at the top to 28 equiv.wt. % at the bottom of model (Al-Aasm, 2003).
The simulation results indicate that the higher salinity distribution impedes the
upwelling hydrothermal fluid flow, or can even cause the cold seawater to enter the
system due to the relatively strong brine gravity compared to buoyancy force that resulted
from the bottom heat source (Figure 3.10&3.11). The downward cold fluid flux rate
decreases with time, due to the decreasing effect o f the brine gravity. With cold lower
salinity seawater entering the system, the fluid density inside of the fault decreases, and
consequently the fluid gravity associated with the higher brine density also decreases.
When the fluid flow velocity is low, convective heat transport and advective mass
transport do not significantly control the temperature and salinity distribution. Conductive
heat transfer and hydrodynamic dispersion for mass transport may contribute to the heat
and salinity distribution to some extent. The temperature and salinity distribution trend
resulting from fluid flow may diminish to a certain extent (Figure 3.10c& 3.11c).
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Figure 3.10. Temperature field evolution in the thermohaline model with a higher salinity
brine model (Case 5). (a) at 10 years; (b)at 50 years; (c) at 500 years.
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Figure 3.11. Salinity evolution in the thermohaline model with a higher salinity brine
model (Case 5). (a) at 10 years; (b)at 50 years; (c) at 500 years.
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Case 6: Medium salinity brine model
From the above case studies, we know that the cold seawater may move downward in
the model with a higher salinity fluid (3.6-28 wt. %) and that hot deep basinal fluid may
move upwards, entering the system, in the relatively lower salinity fluid (3.6-22 wt. %)
model. Therefore, we can infer that there must be a salinity distribution, under which cold
seawater and hot basinal fluid enter the system at the same time and the system finally
reaches equilibrium.
Case 6 with a medium salinity fluid and a lower bottom heat flux represents such a
scenario. For the bottom boundary a constant salinity of 25 wt. % is selected. The initial
salinity varies linearly from 3.6 wt. % (top boundary) to 25 wt. % (bottom boundary). The
heat flux is decreased to 20 mW/m . All other parameters are the same as the previous
models. At the beginning, the hydrothermal fluid moves upward with a decreasing
velocity through time. This is a result of increasing fluid density restricting the upward
fluid flow driven by the buoyancy force. As time elapses, more saline fluid will enter the
faults and a greater brine gravity force will be generated. When the brine gravity is strong
enough inside the fault, the cold seawater moves downward and enters the system.
Simultaneously, the buoyancy force is still strong enough to drive some hot basinal fluid
upward (Figure 3.12&3.13).
This scenario is coincided with geological model for the Wabamun high
temperature silicification (Packard et al., 2001) (Figure 3.14). The occurrence of the
replacement microquartz above a certain depth might indicate the paleostructural position
where ascending silica-charged hot brines were sufficiently cooled to deposit chert. The
absence of chert in the higher part in the Wabamun carbonates (e.g., well 10-28) might
reflect effective exhaustion of silica or perhaps dilution by the downward Banff seawater
(Packard et al., 2001).
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Figure 3.12. Salinity evolution in the thermohaline model with a medium salinity brine
model (Case 6). (a) at 10 years; (b)at 50 years; (c) at 500 years.
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Figure 3.13. Temperature field evolution in the thermohaline model with a medium
salinity brine model (Case 6). (a) at 10 years; (b)at 50 years; (c) at 500 years.
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3.5 Conclusions
Each scenario described above represents a possible paleo-geologic setting. Only
one controlling factor on the hydrothermal fluid flow is defined in each case study.
However, geological events are complicated and can not be represented by just one
scenario as presented in each case study here. Usually a complex geological event can be
simulated by combining several cases or different scenarios can be applied to specific
geological periods or events.
The numerical results indicate that faults play a critical role in controlling
hydrothermal fluid flow. They provide a pathway connecting the basin basement and the
overlying sedimentary layers. Upwelling fluid flow via faults may bring reactants and
heat from underlying rock units at depth to shallower formations. The hydrothermal fluid
flow velocity is slower in inclined faults than in vertical faults. Lower fault permeability
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Figure 3.15. Areal distribution of hydrothermal dolomite at Parkland field and Doe field
(after Packard et al., 2001).

during tectonic quiescence period and a shallower depth of fault penetration impede the
ascending hydrothermal fluid flow and restrict the associated heat and mass transport.
However, the hydrothermal fluid flow patterns are not controlled solely by faults.
The permeability distribution of the host rocks, regional heat regime and fluid flow
pattern are also important. The regional Exshaw shale forms a constraint for the
thermohaline convection cells. Aquifers and faults are the main conduits for hydrothermal
fluid flow and associated heat and mass transport. In addition, the regional fluid flow,
resulting from tectonic compression and/or sedimentary compaction, promotes the lateral
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movement of hydrothermal fluid flow on the eastern side of faults and act as a
impediment on the west side of faults in the Parkland field.
Besides, the hydrothermal fluid flow is critically controlled by the salinity
distribution o f the modeled domain. Thermal convection is usually faster (one to three
magnitude order in this study) than thermohaline convection. The fluid flow patterns may
also vary under some situations. A high salinity fluid in the modeled area restricts the
upwelling hot fluid flow driven by buoyancy force. If the salinity of fluid in the problem
domain is high enough, and the resulting brine gravity is strong enough, cold seawater
will enter the system via faults and mix with the ascending hot brine along the fault from
the deep basin. In the scenario with lower dip angel fault (Case 2), pure water appeared to
be more likely to move upwards, while saline water displayed the potential of gravity due
to its higher density. In other words, pure water is more likely to move laterally on the
hanging wall and saline water is more likely to move laterally on the footwall. This can
be confirmed by the distribution of hydrothermal dolomite and chert in the Peace River
arch area. Most current or historical gas production wells associated with hydrothermal
dolomite and chert are located in the footwall of the major Fort St. John graben margin
faults (Packard et al., 2001).
The saddle dolomite and replacement chert in the Wabamun Group could have
been formed during the Antler Orogenic movements as a result of hydrothermal fluid
flow. The hot basinal brine ascends via faults and starts to move laterally when it reach
aquifers. The silica- and/or magnesium-charged hydrothermal fluids are cooled to initiate
precipitation o f dolomite or microquartz during the movements along faults and aquifers.
This interpretation is supported by the temperature and salinity results obtained from our
simulations. In addition, the areal extent of hydrothermal dolomite and chert along the
major Fort St. John graben margin faults at the Parkland and Doe fields also indicate their
close relationship with fault conduited hot brines (Figure 3.15).
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CHAPTER 4
Integrated Discussions and Conclusions
4.1 Discussions and Conclusions
Thermal convection model and thermohaline convection model are examined in
last two chapters. Each scenario described in these chapters represents a possible paleogeologic setting. Only one controlling factor on the hydrothermal fluid flow is defined in
each case study. However, geological events are complicated and can not be represented
by just one scenario as presented in each case study here. Usually a complex geological
event can be simulated by combining several cases or different scenarios can be applied
to specific geological periods or events.
The numerical results of both models indicate that faults play a critical role in
controlling hydrothermal fluid flow. They provide pathways connecting the basin
basement and the overlying sedimentary layers. Up welling fluid flow via faults may bring
reactants and heat from underlying rock units at depth to shallower formations. The
hydrothermal fluid flow velocity is slower in dipping faults than in vertical faults. Lower
fault permeability during tectonic quiescence period and a shallower depth of fault
penetration impede the ascending hydrothermal fluid flow and restrict the associated heat
and mass transport.
The permeability distribution of the host rocks, regional heat regime and fluid
flow pattern are also important. The regional Exshaw shale forms a constraint for the free
convection cells. Aquifers and faults provide the main conduits for hydrothermal fluid
flow and associated heat and mass transport. In addition, the regional fluid flow, resulting
from tectonic compression and/or sedimentary compaction, promotes the lateral
movement of hydrothermal fluid flow on the eastern side of faults and significantly
restrict the lateral travel on the west side of faults in the Parkland field.
However, the fluid flow patterns and magnitudes show difference in the two
models. The hydrothermal fluid flow is critically controlled by the salinity distribution of
the modeled domain. Thermal convection is usually faster (one to three magnitude order
in this study) than thermohaline convection. The fluid flow patterns may also vary under
some situations. A high salinity fluid in the modeled area restricts the upwelling hot fluid
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flow driven by buoyancy force. If the salinity of fluid in the problem domain is high
enough, and the resulting brine gravity is strong enough, cold seawater will enter the
system via faults and mix with the ascending hot brines along the fault from the deep
basin. In the scenario with lower dip angle fault, pure water appeared to be more likely to
move upwards, while saline water displayed the potential of gravity due to its higher
density. In other words, pure water is more likely to move laterally on the hanging wall
and saline water is more likely to move laterally on the footwall when the hot fluid
reaches aquifers. This can be confirmed by the distribution of hydrothermal dolomite and
chert in the Peace River arch area. Most current or historical gas production wells
associated with hydrothermal dolomite and chert are located in the footwall of the major
Fort St. John graben margin faults (Packard et al., 2001).
Based on case studies in both models, final conclusion can be drawn: the saddle
dolomite and replacement chert in the Wabamun Group could have been formed during
the Antler Orogenic movements as a result of hydrothermal fluid flow. This interpretation
is supported by the temperature and salinity results obtained from our simulations. In
addition, the areal extent of hydrothermal dolomite and chert along the major Fort St.
John graben margin faults at the Parkland and Doe fields, also indicate their close
relationship with fault conduited hot basinal brines.

4.2 Future work
The hydrologic models presented here did not consider the effects of threedimensional structure and rock property heterogeneity, and chemical reactions that
accompany fluid flow are ignored. To reach a more comprehensive understanding of the
hydrothermal fluid flow, the following work needs to be done:
1. Fully 3-D numerical simulations.
2. Heat and mass coupled groundwater models combined with reactive transport
model.
Besides the application of diagenesis, hydrothermal fluid flow may also control
and affect hydrocarbon generation, migration and accumulation. Further study of the field
will be helpful for oil and gas exploration. Therefore, numerical simulation integrated
with petroleum geologic methods will be a new opportunity for petroleum geologists.
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Appendix: Nomenclature
qj

Darcy velocity vector of fluid

h

hydraulic head

t

time

x,

spatial variable, for 2-D system i = x, z

Ss

specific storage coefficient

Q eb(C ,T )

the term of extended Boussinesq approximation (see FEFLOW
Reference Manual for details)

Qx

source/sink function of fluid (x=p), of contaminant mass (x=C) and
Heat (x=T)

C

concentration of chemical component

Cs, Co

maximum and reference concentration

AC

concentration difference

Dy

tensor of hydrodynamic dispersion

R

retardation factor

a

porosity

T

temperature

AT

temperature difference

Ay

tensor of hydrodynamic thermodispersion

Af , Xs

thermal conductivity for fluid and solid, respectively

p f ,p l

fluid and reference fluid density, respectively

ps

solid density

cf, cs

specific heat capacity of fluid and solid, respectively

/

constitutive viscosity relation function

ej

gravitational unit vector

p f ,p f

fluid dynamic viscosity and its reference value

a

fluid density difference ratio

K

isotropic hydraulic conductivity constant

d

thickness (height)

D<j

medium molecular diffusion coefficient of fluid
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fluid expansion coefficient
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